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Impairments in mood and cognitive function are the key brain abnormalities observed in Gulf war illness (GWI), a chronic multisymptom

health problem afflicting B25% of veterans who served in the Persian Gulf War-1. Although the precise cause of GWI is still unknown,

combined exposure to a nerve gas prophylaxis drug pyridostigmine bromide (PB) and pesticides DEET and permethrin during the war

has been proposed as one of the foremost causes of GWI. We investigated the effect of 4 weeks of exposure to Gulf war illness-related

(GWIR) chemicals in the absence or presence of mild stress on mood and cognitive function, dentate gyrus neurogenesis, and neurons,

microglia, and astrocytes in the hippocampus. Combined exposure to low doses of GWIR chemicals PB, DEET, and permethrin induced

depressive- and anxiety-like behavior and spatial learning and memory dysfunction. Application of mild stress in the period of exposure to

chemicals exacerbated the extent of mood and cognitive dysfunction. Furthermore, these behavioral impairments were associated with

reduced hippocampal volume and multiple cellular alterations such as chronic reductions in neural stem cell activity and neurogenesis,

partial loss of principal neurons, and mild inflammation comprising sporadic occurrence of activated microglia and significant hypertrophy

of astrocytes. The results show the first evidence of an association between mood and cognitive dysfunction and hippocampal pathology

epitomized by decreased neurogenesis, partial loss of principal neurons, and mild inflammation in a model of GWI. Hence, treatment

strategies that are efficacious for enhancing neurogenesis and suppressing inflammation may be helpful for alleviation of mood and

cognitive dysfunction observed in GWI.
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INTRODUCTION

Nearly 25% of 700 000 veterans who served in the Persian
Gulf War-1 (PGW-1) are diagnosed with Gulf war illness
(GWI) (Golomb, 2008; Binns et al, 2008). GWI is a chronic
multisymptom health problem that is poorly understood
because the underlying pathologies causing different
symptoms are unclear. Among the health problems, ill-
nesses affecting the brain and musculoskeletal system
appear to be more prevalent (Amato et al, 1997; Haley
et al, 2000a,b; Steele, 2000). Brain dysfunction is typified
mainly by depression, anxiety, and learning and memory
impairments (Haley et al, 2000a,b; Odegard et al, 2012).

Although the precise etiology of GWI is unknown, several
suspected causes have been proposed. Among these, the
hypothesis that GWI is linked to a combination of
exposures encountered by service personnel during the
PGW-1 has received much attention. First, veterans who
were stationed in the battlefield areas were believed to have
consumed pyridostigmine bromide (PB) pills daily during
the war (Binns et al, 2008). PB was employed as a prophy-
lactic treatment (ie, as a reversible acetylcholinesterase
(AChE) inhibitor) to protect against the possible attack with
irreversible AChE inhibitors such as organophosphate
nerve gas agents (Binns et al, 2008). Second, preparations
for the PGW-1 comprised measures to offset infectious
diseases transmitted by insects and ticks in the region.
The measures included the use of pesticides for the
area protection and the use of insect repellants on the skin
and the uniform. The pesticides included the insecticide
permethrin (PM) and the insect repellant N,N-diethyl-m-
toluamide (DEET) (Haley and Kurt, 1997). Permethrin,
a synthetic pyrethroid, is a widely used insecticide
(Vijverberg and van den Bercken, 1990). Permethrin
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intoxication results as a consequence of the sustained
opening of voltage-gated sodium channels leading to
repetitive discharges after a single stimulus (Narahashi,
1985). The chemical DEET is the most commonly used
insect repellant (Veltri et al, 1994). Although the precise
target of DEET is unknown, extensive and repeated topical
application of DEET leads to human poisoning including
death (Chaney et al, 2000).

Thus, in view of the exposure of service personnel to
both GWI-related (GWIR) chemicals (PB, PM, and DEET)
and war-related stress, it is hypothesized that the neurolo-
gical symptoms displayed by a significant number of
PGW-1 veterans are because of synergistic interaction of
PB with pesticides PM and DEET and/or stress (Binns et al,
2008; Friedman et al, 1996; Hyams et al, 1996; Everson et al,
1999; Steele et al, 2012; Abdullah et al, 2011; Torres-Altoro
et al, 2011). This chemical exposure hypothesis is also
supported by the report of the Research advisory committee
(RAC) on GWI that the overall prevalence of GWI is greater
in veterans who used higher amounts of pesticides than
veterans who had limited exposure to pesticides during the
PGW-1 (Binns et al, 2008). In this study, using a rat model,
we investigated whether exposure to GWIR chemicals for
4 weeks would be sufficient to cause anxiety- and depressive-
like behavior and/or cognitive dysfunction. Because
changes such as reduced neurogenesis, neurodegeneration,
or inflammation in the hippocampus may underlie impair-
ments in mood and cognitive function (Bilbo et al, 2012;
Deng et al, 2010; Eisch and Petrik, 2012), we also examined
whether exposure to GWRI chemicals is associated with
declined neurogenesis, loss of principal neurons, activa-
tion of microglia, and hypertrophy of astrocytes in the
hippocampus.

MATERIALS AND METHODS

Animals

Three-month-old Sprague-Dawley rats obtained from
Harlan (Indianapolis, IN) were randomly assigned to one
of the four major groups (n¼ 6/group/time point, total, 48):
(1) vehicle (VEH) group receiving vehicle and handling
daily for 4 weeks; (2) chemicals (CHEM) group receiving
PM, DEET, and PB, and handling daily for 4 weeks; (3)
chemicals plus stress (CHEMþ STRESS) group receiving
PM, DEET, PB, and 5 min of restraint stress daily for
4 weeks; and (4) naive control group.

Application of Chemicals and Stress

The chemical PB (1.3 mg/kg) was administered through oral
gavage (500 ml in sterile water). Solutions of DEET (200 ml
containing 40 mg/kg in 70% alcohol) and PM (200 ml,
0.13 mg/kg in 70% alcohol) were applied sequentially to
fur-clipped skin areas located on the back of neck and the
upper thoracic region. A rat restrainer was used for the
induction of 5 min of restraint stress, as described in our
previous study (Parihar et al, 2011). The doses of PB,
PM, and DEET were chosen based on a previous study
(Abdel-Rahman et al, 2002).

Behavioral Analyses

During the third month after the exposure, animals in all
groups (n¼ 6/group) were tested for mood and cognitive
function using a variety of behavioral analyses in the
following sequence: elevated plus maze test (EPMT, for
assessing anxiety-like behavior), novel object recognition
test (NORT, for examining object recognition memory),
water maze test (WMT, for investigating spatial learning
and memory), and forced swim test (FST, for assessing
depressive-like behavior).

Analyses of Anxiety- and Depressive-Like Behavior

Animals were examined with EPMT and FST, as described in
our recent reports (Parihar et al, 2011; Hattiangady and
Shetty, 2012) and the Supplementary File. Numbers of open
arm entries and times spent in open arms were considered as
indices of anxiety-like behavior, and the amount of time
spent in floating in FST was used as an index of depressive-
like behavior.

Measurement of Recognition Memory Function

Recognition memory was measured using NORT, as des-
cribed elsewhere (Broadbent et al, 2009; Parihar et al, 2011)
and the Supplementary File.

Assessment of Spatial Learning and Memory Function

Spatial learning and memory function was measured through
a WMT, as detailed in our recent reports (Parihar et al, 2011;
Hattiangady and Shetty, 2012) and the Supplementary File.

Analyses of Hippocampal Neurogenesis

For analyses at an early time point, subgroups of animals
from every group (n¼ 6/group) received intraperitoneal
injections of 50-bromodeoxyuridine (BrdU; 50 mg/kg, once
every 6 h for 18 h) immediately after the exposure regimen.
Animals were perfused 6 h after the last BrdU injection and
brain tissues processed for BrdU immunohistochemistry,
BrdU and doublecortin (DCX) dual immunofluorescence
and confocal microscopy, and DCX immunohistochemistry.
For analyses of neurogenesis at an extended time point,
animals that underwent behavioral tests were used. A week
after the completion of behavioral tests (ie, in the fourth
month after the exposure), animals received intraperitoneal
injections of BrdU (100 mg/kg; once daily for 12 days).
Animals were perfused a month after the last BrdU injection
and brain tissues were processed for BrdU immunohisto-
chemistry, BrdU and neuron-specific nuclear antigen
(NeuN) dual immunofluorescence and confocal micro-
scopy, and DCX immunohistochemistry (n¼ 4–6 animals/
group), as detailed in our previous reports (Hattiangady
and Shetty, 2010; Parihar et al, 2011).

Measurement of Numbers of Newly Born Cells and
Neurons

The numbers of newly born (BrdUþ ) cells and newly born
(DCXþ ) neurons in the subgranular zone–granule cell layer
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(SGZ-GCL) of the dentate gyrus (DG) were measured from
30-mm-thick serial sections (every 15th) through the entire
hippocampus via an optical fractionator method using
StereoInvestigator, as detailed in the Supplementary File.

Quantification of Neuronal Differentiation of Newly
Born Cells and Net Neurogenesis

We quantified the percentages of BrdUþ newly born cells
in the SGZ-GCL expressing: (1) DCX in tissues collected 6 h
after the last of four BrdU injections; and (2) NeuN in
tissues collected 1 month after the last of 12 daily BrdU
injections, using methods described in our earlier report
(Hattiangady and Shetty, 2010). We measured net neuro-
genesis using data such as total numbers of BrdUþ cells
and percentages of newly born cells that differentiate into
DCXþ or NeuNþ neurons.

Analyses of NSCs in the Hippocampus

Serial sections (every 15th) through the entire hippocampus
from tissues harvested for long-term neurogenesis analyses
were processed for visualization of Sox-2 (a marker of
neural stem cell (NSCs) and a subpopulation of astrocytes;
Hattiangady and Shetty, 2008). The number of Sox-2þ cells
in the SGZ was quantified (n¼ 4 animals/group) as
described in our earlier report (Hattiangady and Shetty,
2008) and the Supplementary File. Next, we performed dual
immunofluorescence for Sox-2 and S-100b and quantified
fractions of Sox-2þ cells expressing S-100b (mature
astrocytes) and Sox-2þ cells lacking S-100b (putative
NSCs) using a confocal microscope. We estimated the
numbers of putative NSCs in the SGZ using data such as
total numbers of Sox-2þ cells and percentages of Sox-2þ
cells that lacked S-100b. To ascertain the proliferative
behavior of NSCs, we performed dual immunofluorescence
for Sox-2 and Ki-67 (an endogenous marker of proliferating
cells) and quantified fractions of Sox-2þ cells expressing
Ki-67. We appraised the numbers of putative NSCs in the
SGZ exhibiting proliferation through data such as total
numbers of Sox-2þ cells and percentages of Sox-2þ cells
that express Ki-67.

Analyses of Hippocampal Neurodegeneration, Volume,
and Inflammation

Serial sections (every 15th) through the entire hippocampus
from tissues harvested for long-term neurogenesis analyses
above were processed for NeuN immunostaining (Shetty
et al, 2009). Next, the numbers of NeuNþ neurons in
different cell layers of the hippocampus were stereologi-
cally measured (n¼ 5/group; Shetty et al, 2009 and
Supplementary File). Volumes of DG, CA1 and CA3
subfields, and the entire hippocampus (including fimbria)
were measured through tracing of hippocampal regions and
the entire hippocampus (including fimbria) in serial
sections (n¼ 5 animals/group) using Neurolucida (Micro-
brightfield). Additional sets of serial sections (every 20th)
were processed for visualization of all astrocytes (GFAP
immunohistochemistry), reactive astrocytes (nestin and
vimentin immunohistochemistry), and activated microglia
(ED-1 immunohistochemistry) using methods described

elsewhere (Abdel-Rahman et al, 2004b; Hattiangady et al,
2004). The numbers of ED-1þ cells were quantified
per section, whereas GFAPþ structures in different regions
of the hippocampus were quantified through area fraction
analysis using the software program ImageJ, as described in
our earlier report (Shetty et al, 2004) and Supplementary
Data File.

Characterization of the Effects of GWIR Chemicals on
NSC Proliferation In Vitro

Hippocampi of postnatal day � 1 rat pups were dissected,
triturated, and processed as single-cell suspension
(Hattiangady and Shetty, 2012). One hundred live cells
suspended in 0.5 ml of NSC proliferation medium were
plated per culture well in a 24-well plate in the presence
of individual or combinations of GWIR chemicals (each
at a concentration of 100 mM; n¼ 16 culture wells/group).
Cells were allowed to proliferate for 7 days. The numbers of
neurospheres/100 live cells plated in different treated
groups were measured to ascertain the extent of NSC
proliferation.

Data Analyses

Values (mean±SEM) from different groups were compared
using one-way ANOVA followed by Newman–Keuls multi-
ple comparison post-tests. For learning analyses in WM
tests, additional tests such as one-way and two-way
repeated measures ANOVA (RM-ANOVA) with Bonferroni
multiple comparisons post hoc tests were employed. Because
VEH-treated rats did not differ from naive controls for any
of the parameters measured, the experimental groups were
compared with the VEH-treated group in all analyses.

RESULTS

Exposure to GWIR Chemicals Did Not Alter Body
Weights or General Behavior of Animals

Exposure to CHEM or CHEMþ STRESS did not cause major
health defects in animals. This was evidenced by comparable
increases in body weights between VEH-treated animals
and animals treated with CHEM or CHEMþ STRESS in
the exposure period as well as 2 months after the exposure
(p40.05, F¼ 0.96, two-way ANOVA; Supplementary Figure
S1 and Supplementary Data File). Moreover, animals did not
display discoloration of the fur or any other signs of
significant pain and discomfort (such as porphyrin around
eyes/nose, poor grooming, decreased mobility, or head
tucked hunched posture).

Exposure to GWIR Chemicals Induced Depressive- and
Anxiety-Like Behavior

Animals treated with CHEM or CHEMþ STRESS exhibited
increased levels of depressive- and anxiety-like behavior in
FST and EPMT in comparison with VEH-treated animals
(Figure 1). This was revealed through greater amount of
time spent in immobility (or floating) in FST (po0.0001,
F¼ 20.7; Figure 1a2), and fewer entries into open arms
(po0.0001, F¼ 28.1; Figure 1b1) and reduced dwell time in
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open arms in EPMT (po0.0001, F¼ 22.9; Figure 1b2).
Furthermore, animals treated with CHEMþ STRESS ex-
hibited greater immobility time and fewer open arm entries
than animals treated with CHEM alone (po0.05–0.01,
Figure 1a2 and b1).

Exposure to GWIR Chemicals Resulted in Spatial
Learning and Memory Dysfunction

Analyses of swim speeds revealed no statistical differences
among the three groups. However, animals exposed to
CHEMþ STRESS exhibited 17% reduced swim speed than
VEH-treated rats (Figure 1a]). Therefore, all learning data
were analyzed using both swim path lengths and latency
values. Both parameters revealed comparable findings and
hence only swim path length data are illustrated
(Figure 2a2). One-way RM-ANOVA on swim path lengths
to reach the hidden platform over the learning sessions
revealed that animals belonging to all three groups have the
ability for spatial learning (po0.0001; F-values:
VEH¼ 39.9, CHEM¼ 7.5, and CHEMþ STRESS¼ 11.1;

Figure 2a2). However, two-way RM-ANOVA revealed that
exposure to GWIR chemicals had significant effect on
learning curves (po0.01, F¼ 8.5). The post hoc tests
revealed that swim path lengths were significantly longer
in CHEM and CHEMþ STRESS groups than the VEH group
in the third learning session (po0.05–0.01; Figure 2a2).
Furthermore, analyses of swim path efficiency (the ratio of
the shortest possible swim path length to actual swim path
length) using two-way RM-ANOVA demonstrated that
exposure to GWIR chemicals affected learning (po0.0001,
F¼ 23.03). Animals exposed to CHEM or CHEMþ STRESS
displayed swim path efficiencies in the last five sessions of
learning that were inferior to VEH-treated rats (po0.05–
0.0001; Figure 2a3). We also measured activity in the
thigmotactic zone (TZ), an annular area measuring 18 cm
width along the periphery of the pool. Activity in the TZ
refers to an animal’s propensity to move along the edge of
its environment, and swimming for prolonged periods in
the TZ during the course of WMT is attributed to anxiety
or fear (Treit and Fundytus, 1998; Herrero et al, 2006).
However, animals exposed to CHEM or CHEMþ STRESS

Figure 1 Exposure of adult rats to Gulf war illness-related chemicals results in increased depressive- and anxiety-like behavior, and addition of mild stress
during the period of exposure exacerbates the detrimental effects of chemicals on mood function. (a1) A rat undergoing forced swim test (FST) is shown.
(a2) The bar chart demonstrates that rats exposed to chemicals (CHEM group) and chemicals and stress (CHEMþ STRESS group) spend greater amount of
time in floating (a measure of depressive-like behavior) in FST in comparison with vehicle-treated control rats (VEH group). (b1, b2) Bar charts show that
exposure of rats to CHEM or CHEMþ STRESS results in considerably fewer entries into open arms and reduced open arm dwell times (indices of anxiety-
like behavior) in an elevated plus maze (EPM) test in comparison with rats exposed to VEH. *po0.05; **po0.01; ***po0.001. NS, not significant.
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did not display increased anxiety in the WMT, which was
evidenced through comparable swim path lengths in the TZ
between rats belonging to these two groups and the VEH

group (Figure 2a4, two-way RM-ANOVA, p40.05, F¼ 1.7).
In addition, comparable average latency values to reach the
platform in the visible platform test revealed similar visual
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sensory function in the three groups of rats (mean±SEM in
seconds: VEH, 7.5±2.4; CHEM, 5.9±0.9; and CHEMþ
STRESS, 7.8±1.6, p40.05, F¼ 0.35). Thus, learning deficits
seen in animals exposed to CHEM or CHEMþ STRESS are
not related to increased anxiety, motor disability, or visual
sensory dysfunction. Data pertaining to activity in the TZ
further implied that animals in these groups were able to
focus on the learning task but their overall ability for
learning was inferior to VEH-treated rats.

Rats treated with VEH spent greater amount of the probe
test time in the platform quadrant (PQ, a quadrant of the
pool where platform was placed during learning sessions) in
comparison with all other quadrants. This was evidenced
through ANOVA analyses of swim path lengths and dwell
times in different quadrants (po0.0001, F¼ 12.6; Figure 2b2
and c1). In contrast, rats exposed to CHEM or CHEMþ
STRESS did not display greater affinity for the PQ vis-à-vis
the other three quadrants (p40.05, F¼ 0.9–2.9, Figure 2b3,
b4, c2, andc3). Memory retrieval dysfunction in rats
exposed to CHEM or CHEMþ STRESS was also apparent
from shorter swim path lengths in the PQ than rats in the
VEH group (po0.05–0.01, Figure 2d1). Rats exposed to
CHEMþ STRESS also exhibited reduced dwell time in the
PQ than VEH- or CHEM-treated rats (po0.05, Figure 2d2).
Furthermore, rats exposed to CHEM or CHEMþ STRESS
displayed longer swim path lengths for first entry to target
area (TA, an area denoting the actual position of the
platform, po0.01, Figure 3e1). Rats exposed to CHEMþ
STRESS in addition showed longer swim path length values
for their first entry to platform area (PA, an annular area
denoting the position of the platform as well as the
immediate surrounding region) and PQ than rats treated
with VEH (po0.05, Figure 2e2 and e3).

As rats exposed to CHEMþ STRESS exhibited greater
level of depressive- and anxiety-like behavior in FST and
EPMT than other groups, we examined whether greatly
impaired memory function in these rats are linked to
increased despair through a principal component analysis
(PCA). This analysis showed that memory dysfunction
contributed to 40%, depression to 35%, and anxiety to 24%
of the variance in principal component 1. Thus, analyses of
principal components and thigmotactic activity in WMT
together suggested that memory dysfunction, depression,
and anxiety are comorbidities in this prototype of GWI. The
results of PCA are detailed in the Supplementary Data File.

Exposure to GWIR Chemicals Did Not Impair
Recognition Memory Function

Rats exposed to CHEMþ STRESS spent greatly reduced
time in object exploration, in comparison with both VEH-
and CHEM-treated rats (po0.0001, F¼ 18.1; Supplementary
Figure S2a1). Hence, an average time spent with the novel
object by these rats was much less than that observed for
VEH- or CHEM-treated rats (po0.001, F¼ 12.4; Supple-
mentary Figure S2a2). However, the percentage of the total
object exploration time spent with the novel object (object
discrimination index) was comparable across the three
groups (p40.05, F¼ 0.9; Supplementary Figure S2a3).

Exposure to GWIR Chemicals Resulted in Reduced
Hippocampal Neurogenesis

In comparison with VEH-treated animals, animals exposed
to CHEM or CHEMþ STRESS displayed reduced production
of new cells per day (po0.0001, F¼ 70.1; Figure 3a1 to d),
no changes in neuronal differentiation of newly born cells
(p40.05, F¼ 3.3; Figure 3e1 and f), diminished net
neurogenesis (po0.0001, F¼ 98.4; Figure 3g), and reduced
levels of ongoing neurogenesis (based on numbers of DCXþ
immature neurons, po0.0001, F¼ 115.8; Figure 3h1 to k).
Furthermore, in comparison with animals treated with
CHEM alone, animals treated with CHEMþ STRESS exhib-
ited reduced levels of new cell production, net neurogenesis,
and ongoing neurogenesis (po0.001, Figure 3d, g, and k).

GWIR Chemical-Induced Reduced Neurogenesis
Persisted for Prolonged Periods

Characterization of neurogenesis in the fourth month after the
exposure regimen revealed a trend similar to that observed
in the immediate postexposure period. Animals exposed to
CHEM or CHEMþ STRESS exhibited reduced production of
new cells per day (po0.001, F¼ 19.8; Figure 4a1 to c2 and e1),
no changes in neuronal fate-choice decision of newly born
cells (p40.05, F¼ 3.9; Figure 4d1 to d3 and e2), diminished
net neurogenesis (po0.001, F¼ 21.3; Figure 3e3), and reduced
levels of ongoing neurogenesis (based on numbers of DCXþ
immature neurons, po0.0001, F¼ 28.3; Figure 4f1 to i).

Moreover, animals treated with CHEMþ STRESS exhibited
reduced levels of net neurogenesis and ongoing neurogenesis
than animals exposed to CHEM alone (po0.05, Figure 4e3 and i).

Figure 2 Exposure of adult rats to Gulf war illness-related chemicals results in spatial learning impairments. (a1) The bar chart compares average swim speeds
of animals treated with vehicle (VEH group), chemicals (CHEM group), and chemicals and stress (CHEMþ STRESS group) during spatial learning. (a2), Learning
curves (using swim path length values to reach the hidden platform) over seven daily sessions in a water maze test (WMT) among the three groups are
compared. Repeated measures ANOVA reveal that animals in all three groups show ability for spatial learning (po0.0001). However, two-way RM-ANOVA
with Bonferroni multiple comparisons post hoc test revealed that swim path lengths were significantly longer in CHEM and CHEMþ STRESS groups than the
VEH group in the third learning session (po0.05–0.01). (a3) Inferior swim path efficiency values for animals exposed to CHEM or CHEMþ STRESS during the
last five sessions of learning in comparison with the VEH-treated group is illustrated. (a4) The swim path lengths in the thigmotactic zone (TZ) are comparable
among the three groups. Exposure of adult rats to Gulf war illness-related chemicals results in spatial memory impairments. The cartoon in (b1) depicts the
various quadrants of the water maze pool, the target area (TA, denoting the actual position of the platform), the platform area (PA, denoting an annulus
covering the position of the platform as well as immediate surrounding regions), and the platform quadrant (PQ, denoting the quadrant of the pool where the
platform was located) during learning sessions. NE-Q, northeast quadrant; NW-Q, northwest quadrant; SE-Q, southeast quadrant; SW-Q, southwest quadrant.
(b2–e3) The results of a 30-s probe (memory retrieval) test conducted 24h after the last learning session. (b2–b4) The swim path lengths and (c1–c3) dwell
times of rats in the PQ vis-à-vis the other three quadrants are compared in VEH-treated (b2, c1), CHEM-treated (b3, c2), or CHEMþ STRESS-treated (b4, c3)
groups. Note that rats treated with VEH display longer swim path length and greater dwell time in the PQ vis-à-vis the other quadrants, implying successful
memory retrieval. However, rats treated with CHEM or CHEMþ STRESS display similar swim path lengths and dwell times in all quadrants, suggesting
impairments in spatial memory retrieval function. (d1–e3) Bar charts compare swim path length values in PQ (d1), dwell time in PQ (d2), and swim path lengths
for first entry to TA (e1), PA (e2), and PQ (e3) among the three groups. *po0.05; **po0.01; ***po0.001; ****po0.0001. NS, not significant.
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Exposure to GWIR Chemicals Did Not Kill SGZ-NSCs
But Inhibited Their Proliferation

Immunohistochemistry for Sox-2 suggested normal dis-
tribution (density) of Sox-2þ cells in the SGZ of all groups
(Figure 5a1 to a3). Dual immunofluorescence analyses for

Sox-2 and S-100b demonstrated comparable distribution of
Sox-2þ cells expressing S-100b (Sox-2þ mature astro-

cytes) and Sox-2þ cells lacking S-100b (Sox-2þ putative

NSCs) in all groups (Figure 5b1 to b3). Furthermore, total
numbers of Sox-2þ cells and Sox-2þ putative NSCs in the

Figure 3 Exposure of adult rats to Gulf war illness-related chemicals reduces hippocampal neurogenesis in the immediate postexposure period, and the
addition of mild stress during the period of chemical exposure exacerbates the detrimental effects on neurogenesis. (a1–c1) Examples of newly born cells
labeled through 50-bromodeoxyuridine (BrdU) injections (indicated by arrows) in the subgranular zone–granule cell layer (SGZ-GCL) of animals treated with
vehicle (VEH, a1), chemicals (CHEM, b1), or chemicals and stress (CHEMþ STRESS, c1). (a2, b2, c2) Magnified views of some of the BrdUþ newly born
cells from (a1), (b1), and (c1), respectively, are shown. (d) The bar chart shows that the numbers of BrdUþ newly born cells in the SGZ-GCL are reduced
in animals treated with CHEM or CHEMþ STRESS in comparison with VEH-treated control animals. (e1–e4) Examples of BrdUþ newly born cells that
differentiate into doublecortin (DCX)-positive neurons are shown. (f) The bar chart shows that percentages of BrdUþ newly born cells that differentiate
into DCXþ neurons are comparable among the three groups. (g) The bar chart shows that net neurogenesis is decreased in animals treated with CHEM or
CHEMþ STRESS in comparison with VEH-treated control animals. (h1–j1) The distribution of DCXþ newly born neurons between VEH-treated (h1),
CHEM-treated (i1), and CHEMþ STRESS-treated (j1) groups is compared. (h2, i2, j2) Magnified views of some DCXþ newly born neurons from (h1), (i1),
and (j1), respectively, are shown. (k) The bar chart shows that the total number of DCXþ newly born neurons is decreased in animals treated with CHEM
or CHEMþ STRESS in comparison with VEH-treated animals. DH, dentate hilus; ML, molecular layer. Scale bar: a1, b1, c1, h1, i1, j1¼ 200 mm; a2, b2, c2, h2,
i2, j2¼ 50mm; e1–e4¼ 5 mm. ***po0.001.
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SGZ were comparable across the three groups (p40.05,
F¼ 1.8–4.2; Figure 5c1 and c2). However, analyses of the
percentage of Sox-2þ cells that express Ki-67 (a marker of

dividing cells, Figure 5d1 to e3) in the SGZ revealed fewer
NSCs undergoing proliferation in animals exposed to
CHEM or CHEMþ STRESS in comparison with their

Figure 4 For caption please refer page 2356.
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counterparts in VEH-treated animals (po0.05, F¼ 5.97,
Figure 5f1; po0.0001, F¼ 142.1; Figure 5f2). The overall
detrimental effect on proliferation was, however, similar
between animals treated with CHEM or CHEMþ STRESS.

Exposure to GWIR Chemicals Induced Hippocampal
Neuron Loss

Examination of NeuN-immunostained tissue sections re-
vealed normal hippocampal cytoarchitecture in all groups
(Figure 6a1 to c4). However, stereological quantification
demonstrated partial loss of neurons in several cell layers
(GCL and DH of the DG, and CA1 cell layer) of animals
exposed to CHEM or CHEMþ STRESS (po0.05–0.001,
F¼ 5.2–15.5; Figure 6d1 to d3). However, the overall loss
was similar between animals treated with CHEM or
CHEMþ STRESS except for the CA3 cell layer where only
animals exposed to CHEMþ STRESS showed loss of
neurons (po0.01, Figure 6d4). Furthermore, exposure to
GWIR chemicals decreased volumes of the DG (significant
for CHEMþ STRESS group, po0.05, F¼ 4.4; Figure 6e1)
and the CA3 subfield (significant for both CHEM and
CHEMþ STRESS groups, po0.05, F¼ 5.3; Figure 6e3) but
not the CA1 subfield (p40.05, F¼ 2.9; Figure 6e2). How-
ever, the overall hippocampal volume including fimbria was
significantly decreased in both CHEM and CHEMþ STRESS
groups (po0.01, F¼ 6.6; Figure 6e4).

Exposure to GWIR Chemicals Resulted in Mild
Hippocampal Inflammation

Analyses of sections using ED-1 antibody demonstrated
the presence of activated microglia in the hippocampus
of animals treated with CHEM or CHEMþ STRESS
(Figure 7b1 to c4). Interestingly, these microglia were
frequently observed in the hippocampal fissure (Figure 7b2
and c1) and fimbria (Figure 7b1, c2, and c3). However, some
isolated microglia could also be seen in the CA1 stratus
radiatum (Figure 7c4). The overall density of activated
microglia was greater in animals exposed to CHEMþ
STRESS than animals exposed to CHEM alone (po0.05,
Figure 7d). Analyses using nestin and vimentin antibodies
did not reveal the presence of reactive astrocytes in animals
exposed to GWIR chemicals. However, GFAP immunostain-
ing demonstrated astrocytes exhibiting hypertrophy in
animals treated with CHEM (Figure 7f1 to f3) or CHEMþ
STRESS (Figure 7g1 to g3) in comparison with VEH-treated

animals (Figure 7e1 to e3). Area fraction analyses of
GFAPþ structures revealed that animals exposed to CHEM
or CHEMþ STRESS exhibited hypertrophy of GFAPþ
structures in all regions of the hippocampus in comparison
with the VEH group (po0.01–0.0001, F¼ 12.6–43.8;
Figure 7h1 to h4, po0.01–0.001). However, area fractions
of GFAPþ structures were comparable between CHEM and
CHEMþ STRESS groups.

Exposure of NSCs to DEET and/or PM Inhibited NSC
Proliferation In Vitro

In control cultures, B7% of plated cells proliferated and
formed clear larger neurospheres. Interestingly, the pre-
sence of 100 mM PB did not interfere with NSC proliferation,
as both number and size of neurospheres were comparable
between control and PB-treated cultures (Supplementary
Figure S3a1, a2, and b). However, the presence of 100 mM
DEET or PM considerably decreased the proliferation of
NSCs (Supplementary Figure S3a3 and a4). This was
evidenced by 76–78% reduction in the numbers of neuro-
spheres generated per 100 cells plated (Supplementary
Figure S3b) and reduced size of neurospheres (Supple-
mentary Figure S3a3 and a4). Furthermore, a combination
of PB, DEET, and PM decreased neurosphere formation by
92% (Supplementary Figure S3a5 and b).

DISCUSSION

This study provides novel evidence that combined exposure
to low doses of GWIR chemicals for 4 weeks is sufficient
for inducing chronic hippocampal dysfunction typified by
increased depressive- and anxiety-like behavior, and spatial
learning and memory impairments in a rat model. These
findings are akin to depression, anxiety, and cognitive
dysfunction reported in veterans with GWI (Haley et al,
1997; David et al, 2002; Li et al, 2011; Odegard et al, 2012).
At the structural level, these impairments were associated
with persistent reductions in dentate neurogenesis, partial
loss of principal neurons, mild neuroinflammation, and
reduced hippocampal volume. Moreover, addition of mild
stress in the period of exposure to GWIR chemicals
exacerbated mood, cognitive, and neurogenesis impair-
ments, although application of mild stress alone has been
shown to be associated with beneficial effects on cognitive
and mood function (Parihar et al, 2011). In vitro analyses

Figure 4 Exposure of adult rats to Gulf war illness-related chemicals reduces hippocampal neurogenesis even at 4 months after the exposure and the
addition of mild stress during the period of exposure exacerbates the detrimental effects of chemicals on neurogenesis. (a1–c1) Examples of newly born cells
(arrows) labeled through 50-bromodeoxyuridine (BrdU) injections (indicated by arrows) in the subgranular zone–granule cell layer (SGZ-GCL) of animals
treated with vehicle (VEH, a1), chemicals (CHEM, b1), or chemicals and stress (CHEMþ STRESS, c1). (a2, b2, c2) Magnified views of boxed regions from
(a1), (b1), and (c1), respectively, are shown. (d1) An orthogonal view of a BrdUþ newly born cell that differentiated into neuron-specific nuclear antigen
(NeuN)-positive mature neuron. (d2) A three-dimensional view of the newly born neuron from (d1). (D3) An orthogonal view of a BrdUþ newly born cell
that did not differentiate into NeuNþ neuron. (e1–e3) Bar charts compare the number of newly added BrdUþ cells to the SGZ-GCL (e1), percentage of
BrdUþ newly added cells that differentiated into mature NeuNþ neurons (e2), and net hippocampal neurogenesis (e3) between the VEH-, CHEM-, and
CHEMþ STRESS-treated groups. Note that although the percentages of BrdUþ newly born cells that differentiate into NeuNþ neurons are comparable
among the three groups (e2), the extent of addition of newly born cells (e1) and net neurogenesis (e3) are reduced in animals treated with CHEM or
CHEMþ STRESS in comparison with VEH-treated control animals. (f1–h1) The distribution of DCXþ newly born neurons between VEH-treated (h1),
CHEM-treated (i1), and CHEMþ STRESS-treated (j1) groups is compared. (f2, g2, h2) Magnified views of some DCXþ newly born neurons from (f1), (g1),
and (h1), respectively, are shown. (i) The bar chart shows that the total number of DCXþ newly born neurons is decreased in animals treated with CHEM
or CHEMþ STRESS in comparison with VEH-treated animals. Scale bar: a1, b1, c1, f1, g1, h1¼ 200 mm; a2, b2, c2, f2, g2, h2¼ 50mm; d1–d3¼ 10mm.
*po0.05; **po0.01; ***po0.001.
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further showed that PM and DEET (but not PB) exposure
can greatly inhibit the proliferation of NSCs. Interestingly,
cognitive dysfunction observed in this rat model contrasts
with a recent study in C57BL/6 mouse model where
exposure to similar doses of chemicals and stress did not
impair cognitive function but enhanced anxiety when
examined 20 days after the exposure (Abdullah et al,
2012). The discrepancy between the two studies likely
reflects differences in animal species and timing of
behavioral analyses.

Links Between Mood and Cognitive Dysfunction and
Impaired Hippocampal Neurogenesis

Although multiple factors can interfere with mood and
cognitive function, changes in the quantity of adult

hippocampal neurogenesis are widely believed to influence
both mood and spatial learning and memory function
(Deng et al, 2010; Eisch and Petrik, 2012). Indeed, we found
substantial decreases in hippocampal neurogenesis at both
early and extended periods after the exposure to GWIR
chemicals. In addition, reduced neurogenesis was associated
with decreased volume of the hippocampus. Considering
these, a question emerges of whether persistently reduced
hippocampal neurogenesis is one of the underlying causes
of mood and memory dysfunction in GWI. This proposition
is supported by multiple observations in previous studies.
First, there are credible evidences in favor of the hypothesis
that mood function depends on the extent of hippocampal
neurogenesis (Snyder et al, 2011; Eisch and Petrik, 2012;
Kheirbek et al, 2012), which includes findings that humans
with depression exhibit smaller hippocampal volume likely

Figure 5 Exposure of adult rats to Gulf war illness-related chemicals or chemicals and stress does not kill neural stem cells (NSCs) but induce alterations in
NSC proliferative behavior. (a1–a3) The distribution of Sox-2þ cells in the subgranular zone–granule cell layer (SGZ-GCL) of animals treated with vehicle (VEH,
a1), chemicals (CHEM, a2), or chemicals and stress (CHEMþ STRESS, a3) is shown. (b1–b3) Examples of Sox-2þ cells that lack S-100b (putative NSCs,
indicated by arrows) and Sox-2þ cells that express S-100b (mature astrocytes, indicated by curved arrows) in the SGZ. (c1, c2) Bar charts demonstrate that
numbers of both Sox-2þ cells (c1) and Sox-2þ cells that lack S-100b (putative NSCs; c2) are comparable among the three groups in the SGZ. (d1–e3)
Examples of Sox-2þ cells expressing Ki-67 (ie, proliferating NSCs, indicated by arrows) in the SGZ. Curved arrows show Sox-2þ cells that lack Ki-67
expression. (f1, f2) Bar charts show that animals treated with CHEM or CHEMþ STRESS display reduced percentages as well as numbers of Sox-2þ cells
expressing Ki-67 in comparison with VEH-treated control animals. Scale bar: A1–A3¼ 25mm; b1–b3, d1–d3, e1–e3¼ 20mm. *po0.05; ***po0.001.
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because of persistently reduced neurogenesis (Small et al,
2011; Fotuhi et al, 2012), antidepressants upregulate
hippocampal neurogenesis with a lag time comparable with
the delay between antidepressant treatment and positive
clinical outcome on mood function (Malberg et al, 2000),
and ablation of hippocampal neurogenesis impairs anti-
depressant efficacy (Santarelli et al, 2003). Although a few
rodent studies have contradicted the above association
(Meshi et al, 2006; David et al, 2009), there is considerable
support in favor of the neurogenic hypothesis of depression,
which includes a recent non-human primate study showing
that hippocampal neurogenesis is necessary for the

therapeutic action of antidepressants (Perera et al, 2011;
Eisch and Petrik, 2012). Second, although a negative
correlation was seen in a few earlier studies (Bizon et al,
2004), most studies support an important role for
hippocampal neurogenesis in spatial memory function.
This includes observations that animals housed in enriched
environment, undergoing physical exercise, treated for
corticosterone reductions, or exposed to predictable
chronic mild stress displayed enhanced neurogenesis and
improved spatial memory function (Kempermann et al,
2002; van Praag et al, 2005; Montaron et al, 2006; Parihar
et al, 2011), and aged rats with unimpaired spatial memory

Figure 6 Exposure of adult rats to Gulf war illness-related chemicals or chemicals and stress induces partial neuron loss in the hippocampus. (a1, b1, c1)
The distribution of neuron-specific nuclear antigen (NeuN)-positive neurons in different layers of the hippocampus of animals treated with vehicle (VEH, a1),
chemicals (CHEM, b1), or chemicals and stress (CHEMþ STRESS, c1). (a2–c4) Magnified views of regions of the dentate gyrus (a2, b2, c2), CA1 subfield (a3,
b3, c3), and CA3 subfield from (a1), (b1), and (c1). (d1–d4) Bar charts demonstrate that animals treated with CHEM or CHEMþ STRESS display some loss
of neurons in the granule cell layer (d1), dentate hilus (d2), CA1 pyramidal cell layer (d3), and CA3 pyramidal cell layer (d4) in comparison with VEH-treated
control animals. (e1–e4) Bar charts compare volumes of the dentate gyrus (e1), CA1 subfield (e2), CA3 subfield (e3), and the entire hippocampus including
fimbria (e4) among the three groups of animals. Scale bar: a1, b1, c1¼ 500 mm; a2, b2, c2¼ 200 mm; a3–c4¼ 100 mm. *po0.05; **po0.01; ***po0.001.
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ability displayed greater extent of neurogenesis than rats
with impaired spatial memory (Drapeau et al, 2003).
Moreover, recent studies that utilized selective neurogenesis
ablation techniques strongly support a role for hippocampal
neurogenesis in spatial memory function (Dupret et al,
2007, 2008; Wang et al, 2012). Interestingly, animals

exposed to GWIR chemicals did not display impaired
recognition memory function in NORT, which may be
because of a partial involvement of the hippocampus in this
task (Broadbent et al, 2009).

Thus, reduced hippocampal neurogenesis likely contri-
butes to mood and cognitive dysfunction observed in GWI.

Figure 7 Exposure of adult rats to Gulf war illness-related chemicals or chemicals and stress induces microglial and astrocyte reactivity in the
hippocampus. (a1–c4) The occurrence of ED-1þ activated microglia in regions such as fimbria (F) and the hippocampal fissure (HF) in animals treated with
CHEM (b1, b2) or CHEMþ STRESS (c1–c4) in contrast to their absence in animals treated with VEH (a1, a2). (b1–c4) Inserts illustrate the magnified view of
the morphology of activated microglia indicated by arrows. (d) The bar chart compares the number of ED-1þ activated microglia between CHEM and
CHEMþ STRESS groups. (e1–g3) The distribution and morphology of GFAPþ astrocytes in the dentate gyrus (upper row), CA1 subfield (middle row), and
CA3 subfield (lower row) between animals treated with VEH (e1–e3), CHEM (f1–f3) or CHEMþ STRESS (g1–g3) is compared. Note the presence of
hypertrophied GFAPþ astrocytes in hippocampal regions of animals treated with CHEM (f1–f3) or CHEMþ STRESS (g1–g3) but not in animals treated
with VEH (e1–e3). Scale bar: e1–g3¼ 100 mm. (h1–h4) Bar charts compare area fraction of GFAPþ structures among the three groups in the dentate gyrus
(h1), CA1 subfield (h2), CA3 subfield (h3), and the entire hippocampus (h4). *po0.05; **po0.01; ***po0.001. DH, dentate hilus; GCL, granule cell layer;
CA1-SR, CA1 stratum radiatum; CA3-SR, CA3 stratum radiatum.
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Although the basic in vivo imaging correlates of human
hippocampal neurogenesis (such as quantification of
cerebral blood flow in the SGZ) is feasible (Manganas
et al, 2007; Pereira et al, 2007), greater advances in imaging
techniques will be required to correlate the loss of
neurogenesis with altered mood or cognitive function in
veterans with GWI. However, several previous studies have
shown the presence of hippocampal dysfunction as well as
increased incidence of depression, anxiety, and memory
dysfunction in GW veterans (David et al, 2002; Black et al,
2004; Menon et al, 2004; Li et al, 2011; Odegard et al, 2012).
MRI studies have also shown smaller hippocampus in a
subset of GW veterans exhibiting posttraumatic stress
disorder but not in GW veterans affected with depression
alone (Vythilingam et al, 2005; Apfel et al, 2011).

Other Factors Contributing to GWIR
Chemical-Mediated Hippocampal Dysfunction

Quantification of NeuNþ neurons revealed 19–31% loss of
neurons in different subfields of the hippocampus, with no
differences in the extent of neuron loss between animals
exposed to CHEM or CHEMþ STRESS. Additional analyses
suggested mild inflammation typified by the occurrence of
activated microglia in white matter regions and hypertrophy
of astrocytes in all subfields. Although previous studies have
suggested some neuron loss in the hippocampus with
exposure to CHEMþ STRESS (Abdel-Rahman et al, 2002,
2004a), occurrences of neuron loss, activated microglia, and
hypertrophied astrocytes in animals exposed to CHEM alone
are additional novel findings in this study. Neurodegeneration
is likely because of both direct and indirect effects of
chemicals. For instance, PM can mediate direct neurodegen-
eration by causing prolonged activation of voltage-gated
sodium channels and hyperexcitability in neurons (Ray and
Fry, 2006). On the other hand, DEET is a weak AChE inhibitor
but can enhance the activity of other AChE inhibitors such as
PB (Corbel et al, 2009). Previous studies in this GWI model
have indeed seen both decreased AChE activity and disrup-
tion of the blood brain barrier in multiple brain regions
(Abdel-Rahman et al, 2002, 2004a). Because both partial
neurodegeneration and inflammation can interfere with
hippocampal function and neurogenesis (Krishnadas and
Cavanagh, 2012; Kohman and Rhodes, 2013), it is plausible
that these two factors have also contributed to mood and
cognitive dysfunction and impaired neurogenesis observed
in animals exposed to GWIR chemicals. Additional factors
may also be involved. For example, a recent lipidomics study
reported that regulation of acetylcholine regulator and
signaling pathways undergo alterations with exposure to
GWIR chemicals (Abdullah et al, 2012).

Causes of Reduced Hippocampal Neurogenesis in
Animals Exposed to GWIR Chemicals

Our analyses revealed that similar numbers of putative
NSCs persist, and comparable fractions of newly born cells
differentiate into mature neurons between VEH-treated
animals and animals treated with GWIR chemicals. This
suggested that exposure to low doses of GWIR chemicals
did not kill NSCs or alter the neuronal fate-choice decision
of new cells generated by NSCs. However, fewer NSCs were

undergoing proliferation in animals exposed to GWIR
chemicals. These results imply that reduced proliferation of
NSCs is the underlying cause of declined neurogenesis in
animals exposed to GWIR chemicals. Reduced proliferation
of NSCs in the exposure period can result from direct effects
of chemicals, as our in vitro assays showed that DEET and
PM can greatly inhibit NSC proliferation at mM concentra-
tions. On the other hand, reduced proliferation of NSCs
observed in the fifth month after the exposure is likely
because of changes in NSC microenvironment following
exposure to chemicals. Apart from the mild inflammation
noted above, this may also involve increased oxidative
stress observed in previous studies with exposure to GWIR
chemicals (Li et al, 2001; Abu-Qare et al, 2001). Thus,
inflammation and oxidative stress mediated by GWIR
chemicals are the likely causes of NSC dysfunction in GWI.

CONCLUSIONS

We show the first evidence of an association between mood
and cognitive dysfunction and hippocampal pathology
typified by decreased neurogenesis, partial loss of principal
neurons, and mild inflammation in a rat model of GWI.
Hence, application of novel treatment strategies that are
efficacious for enhancing neurogenesis as well as suppres-
sing inflammation may be helpful for improving mood and
cognitive function in veterans with GWI.
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